There has been increased interest in the study of resonant tunneling devices as the nonlinear characteristics of these devices can be used for frequency conversion applications such as multipliers and mixers. In addition, their ability to exhibit negative differential resistance (NDR) regions leads to their potential use as gain elements and presents new opportunities for circuit design. This paper will address the pros and cons of using such a potential gain element for frequency conversion applications.
Nonlinear-Circuit Analysis Results
The I -V characteristics measured from a tunnel diode have been used in the nonlinear -circuit analysis. The expression for the capacitance of a junction diode was used in the analysis. The conductance of the tunnel diode biased at the center of the NDR region was studied. An absolute negative conductance has been observed from the tunnel diode biased in the NDR region when the applied pump amplitude is limited to the appropriate range. The magnitude of the absolute negative conductance changes with the pumping amplitude. The pump amplitude required to achieve absolute negative conductance increases with increasing pump frequency. This can be easily explained using the equivalent circuit model of a NDR device. Since the impedance of the parallel circuit section decreases with increasing frequency, more of the applied voltage is distributed across the series resistance and less appears across the parallel circuit section for higher pump frequencies. The fact that an absolute negative conductance occurs for a tunnel diode biased in the NDR region implies that oscillation can occur at any frequency if the pumping power is within the region that negative conductance occurs.
Experimental Results
The measurement of the I -V characteristic was performed using a standard semiconductor analyzer.
The rf signal was supplied by a HP signal generator and separated from the dc bias voltage using a standard bias network. During the experiment, it was established that the do conductance of the NDR device is, indeed, highly dependent on the rf input signal. The dependence of the do conductance of the NDR device on the frequency of the if input signal also observed during this measurement can easily be seen from the equivalent circuit model of the NDR device. It was also observed that the frequency dependence of the do conductances is stronger for larger rf pump level. The I -V curves measured at different pump power levels and frequencies compare favorably to the simulation results. Variable absolute negative conductance which was observed during this measurement can be used as the basis for oscillators and up to the cutoff frequency of the diode. A tunnel diode biased in the NDR region can, therefore, be used for constructing an oscillator or a self -oscillating frequency multiplier. Both oscillators and self -oscillating frequency multipliers have been realized using the same tunnel diode biased in the NDR region. Frequency multiplication with gain was realized. The highest tripling efficiency was obtained at the center of the NDR region, while the highest doubling efficiency was obtained at the edges of the NDR region as expected. The I -V characteristic is anti -symmetrical when biased at the center of the NDR region, and is almost symmetrical when biased at the edges of the NDR region (near an inflection point). Noted that the circuit used did not allow for the independent tuning of the harmonics. The self-oscillation at the fundamental generates its own harmonics using the nonlinearity of the NDR device is referred to here as a self -oscillating frequency multiplier, while the term "harmonic oscillator" refers to the case where an NDR device oscillates at a particular harmonic frequency using the negative conductance at that harmonic frequency. One should note that the highest output at the second and third harmonic frequencies will be obtained from a harmonic oscillator at the Introduction There has been increased interest in the study of resonant tunneling devices as the nonlinear characteristics of these devices can be used for frequency conversion applications such as multipliers and mixers. In addition, their ability to exhibit negative differential resistance (NDR) regions leads to their potential use as gain elements and presents new opportunities for circuit design. This paper will address the pros and cons of using such a potential gain element for frequency conversion applications.
A nonlinear-circuit analysis computer program has been developed to analyze the behavior of negative conductances of NDR devices. The analysis technique was developed by Kerr et al. and the program was implemented for analyzing ideal Schottky barrier diodes by Siegel et al. The analysis program has been modified to take into account the negative resistance of an NDR device. Since the devices were mounted on a 50 Q microstrip line for the measurements in this work, an embedding impedance of 50 Q at every harmonic frequency has been used. A simple experiment was carried out to verify that the embedding impedance at higher harmonic frequencies was indeed 50 Q.
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A tunnel diode biased in the NDR region can, therefore, be used for constructing an oscillator or a self-oscillating frequency multiplier. Both oscillators and self-oscillating frequency multipliers have been realized using the same tunnel diode biased in the NDR region. Frequency multiplication with gain was realized. The highest tripling efficiency was obtained at the center of the NDR region, while the highest doubling efficiency was obtained at the edges of the NDR region as expected. The I-V characteristic is anti-symmetrical when biased at the center of the NDR region, and is almost symmetrical when biased at the edges of the NDR region (near an inflection point). Noted that the circuit used did not allow for the independent tuning of the harmonics. The self-oscillation at the fundamental generates its own harmonics using the nonlinearity of the NDR device is referred to here as a self-oscillating frequency multiplier, while the term "harmonic oscillator" refers to the case where an NDR device oscillates at a particular harmonic frequency using the negative conductance at that harmonic frequency. One should note that the highest output at the second and third harmonic frequencies will be obtained from a harmonic oscillator at the 79 M5.6 center and the two edges of the NDR region, respectively, which is very different from the operation as a self -oscillating frequency multiplier. Self -oscillation mixing has also been observed during the measurement (mixing between the self -oscillation and pump signals). Due to the dependence of the dc conductance on the power level of the rf input signal, the performance of this self -oscillating mixer is very sensitive to the rf input power level.
Absolute Negative Conductance of an Unbiased Resonant Tunneling Device
Nonlinear Circuit Analysis Results
The previous discussion described a tunnel diode which does not possess an anti -symmetrical I -V characteristic. In this section a resonant tunneling device for which variable absolute negative conductance can be observed, even without dc bias, will be discussed. Variable absolute negative conductance from an unbiased resonant tunneling device was proposed by Sollner et al. using a simple mathematical model. The harmonics of the pump generated by the nonlinearity of the I -V curve were neglected in reference, of which some quantitative information was lost. In our work, these harmonics are calculated in a selfconsistent manner through the use of nonlinear-circuit analysis program. The I -V characteristic of reference and a constant capacitance were used in the nonlinear -circuit analysis for comparison purposes.
From the nonlinear-circuit analysis results, an absolute negative conductance can be found from a resonant tunneling device at zero bias when the applied pump amplitude is, again, limited to the appropriate range. The value of the negative conductance is approximately the same as that found in the NDR region. The magnitude of the negative conductance can be adjusted by varying the pump amplitude which verifies the work of Sollner et al. The magnitude of absolute negative conductance from our analysis results is similar to that predicted by Sollner et al. The pump amplitude required to achieve absolute negative conductance from our analysis is higher than that predicted by Sollner et al. This is due to the device parasitics (such as resistance and capacitance) which have been included in our analysis.
It was observed that the pump amplitude required to achieve absolute negative conductance increases with increasing pump frequency. The reason for this can, again, be explained by the equivalent circuit model discussed for the tunnel diode in the previous section. We also found that the pump amplitude required to obtain absolute negative conductance varies with the parasitics of the device. This again can be explained from the equivalent circuit model of a NDR diode. When the series resistance and/or capacitance of the device increases, more voltage is dropped across the series resistance and less is developed across the parallel circuit section of the equivalent circuit. The dependence of the pump amplitude required to achieve absolute negative conductance on the device capacitance is stronger for higher rf frequency operation. Because of the symmetrical G -V characteristic of the resonant tunneling device, the magnitude of the second -harmonic component of the negative conductance is larger than other harmonic components.
These studies indicate that one can expect to find absolute negative resistance whenever a device with negative differential conductance and an I -V curve that is anti -symmetrical is driven with a pump having the right amplitude. For unbiased oscillator and harmonic-oscillator operation, one should note that little negative conductance or dynamic range has been sacrificed, and the advantages of operating with zero DC bias have been gained. A resonant tunneling device can also be used in the design of a self -oscillating frequency multiplier if it is biased in the NDR region. The biased self -oscillating frequency multiplier have the intrinsic capability of conversion gain.
Experimental Results
Two back -to -back connected tunnel diodes were used to achieve an anti -symmetrical I -V characteristic. With an input signal of 1 GHz, self oscillation from this unbiased device was observed. The self -oscillation frequency was determined to be 210 MHz. The output power of the self oscillation changes with the amplitude of the rf pump, indicating the change of the negative conductance with rf input power level. Again, the experimental results agree fairly well with the simulation results. It was also observed that the overall anti -symmetry of the I -V curve about the origin offers highly efficient oddharmonic generation with this device. The highest tripling efficiency is 59% with an input power level of 10 dBm. The circuits discussed here are not conjugate matched at each port. Unbiased self -oscillating mixing has also been observed from this device. The conversion efficiency of this unbiased selfoscillating mixer changes rapidly with the rf pump level.
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